Best-corrected acuity was measured for vertical and horizontal gratings and for Lea Symbols â recognition acuity in 3-to 5-yearold children with high astigmatism and in non-astigmatic children. There was significant amblyopia among astigmatic children at baseline. There was no evidence that eyeglass correction of astigmatism resulted in a reduction in amblyopia over a 4-month average treatment duration (although vision in astigmatic children was significantly improved immediately upon eyeglass correction, indicating that eyeglass correction did provide a visual benefit). Treatment outcome results are discussed in terms of both methodological issues and theoretical implications.
Introduction
Astigmatism is a condition in which there is unequal curvature of the lens and/or the cornea. This condition influences the optics of the eye such that light cannot be brought into clear focus on the retina, resulting in blurred visual input. Previous research has demonstrated that the presence of uncorrected astigmatism induces a form of visual deprivation that can lead to visual deficits (Dobson, Miller, Harvey, & Mohan, 2003; Freeman, Mitchell, & Millodot, 1972; Mitchell, Freeman, Millodot, & Haegerstrom, 1973) . These deficits, which are clinically referred to as amblyopia, are believed to be neural rather than optical in origin because they are apparent even when the structural properties of the eye appear to be intact, and even after appropriate eyeglass correction provides clear focus of light on the retina (Dobson et al., 2003; Freeman et al., 1972; Mitchell et al., 1973) .
While several studies have documented the visual deficits that are associated with astigmatism, few studies have addressed the effects of introduction of clear visual input to the visual system in patients who have developed these deficits. The present study examines recovery from astigmatism-related amblyopia in a sample of young children with high astigmatism following introduction of clear visual input through glasses wear.
Patterns of astigmatism-related deprivation and visual deficits
Uncorrected astigmatism influences the optics of the eye in a way that results in more blurred visual input for certain stimulus orientations. Astigmatism-induced patterns of visual deprivation are illustrated in Fig. 1 . These examples show the effects of with-the-rule astigmatism (in which there is greater curvature along the vertical meridian than along the horizontal meridian) on the location at which horizontal and vertical lines come into focus with respect to the retina. For individuals who do not have astigmatism, stimuli of different orientations are equally in focus (Fig. 1a) or equally out of focus ( Fig. 1b and c) . In contrast, individuals with uncorrected astigmatism (Fig. 1d-h ) cannot bring stimuli of all orientations into focus at once.
A number of studies have provided evidence to suggest that the presence of uncorrected astigmatism in infancy or early childhood can lead to reduced resolution acuity for stimuli of certain orientations even after the astigmatism is corrected. In addition, previous research has shown that the orientation for which subjects demonstrate poorer acuity is typically consistent with the stimulus orientation for which they experienced greater visual degradation when astigmatism was uncorrected (Dobson et al., 2003; Freeman et al., 1972; Gwiazda, Bauer, Thorn, & Held, 1986; Mitchell et al., 1973) . This pattern of deficits is referred to clinically as meridional amblyopia, i.e., visual acuity deficits that are dependent on stimulus orientation and that persist after the optical properties of the eye are corrected.
The presence of high astigmatism has also been associated with below-normal best-corrected recognition acuity (Dobson et al., 2003; Dobson, Tyszko, Miller, & Harvey, 1996; Kershner & Brick, 1984) . For example, Dobson et al. (2003) reported that 3-to 5-year-old children with high astigmatism had significantly poorer mean best-corrected recognition acuity than children with little or no astigmatism. In the present study, we report the outcome of treatment of astigmatism-related amblyopia consisting of introduction of clear visual input (eyeglass correction) in the sample studied by Dobson et al. (2003) .
Sensitive periods and astigmatism-related visual deprivation
The available literature suggests that there is a sensitive period for both the development of astigmatismrelated amblyopia, and recovery or successful treatment of the effects of this form of visual deprivation once clear visual input is introduced. For example, meridional amblyopia does not appear to occur in infants with high astigmatism (Gwiazda, Mohindra, Brill, & Held, 1985; Teller, Allen, Regal, & Mayer, 1978) , but does appear to develop by age 3-5 years (Atkinson et al., 1996; Dobson et al., 2003; Mohindra, Jacobson, & Held, 1983) . These data suggest that the sensitive period for susceptibility to the effects of astigmatism-related deprivation begins after age 1 year, and prior to age 3-5 years.
Little research has focused on the sensitive period for successful treatment of astigmatism-related amblyopia. Retrospective studies of a small number of adults with high astigmatism have found that if astigmatism is corrected with eyeglasses prior to age 7, astigmatic adults do not show evidence of meridional amblyopia, but if the astigmatism is corrected after age 7, the astigmatic adults are more likely to show evidence of meridional amblyopia (Cobb & MacDonald, 1978; Mitchell et al., 1973) . Mohindra et al. (1983) reported that a 3-year-old astigmatic child who showed evidence of meridional amblyopia upon initial testing showed no evidence of meridional amblyopia after 3 months of eyeglass wear. In contrast, data from Gwiazda et al. (1986) , suggest that meridional differences in acuity persist in children who had astigmatism early in life, but which emmetropized. In the Gwiazda et al. study, meridional differences in vernier acuity at the time of testing (5-11 years of age) were correlated most highly with the amount of astigmatism present late in the first year up to approximately age 2 years. Meridional differences in vernier acuity were least correlated with the amount of astigmatism early in the first year of life, and at age 2 years and beyond (to the time of test, 5-11 years). These data suggest that even when astigmatism is corrected as early as age 2 years (in this case, through natural emmetropization, rather than optical correction), meridional amblyopia may not be eliminated. In summary, the limited evidence in the literature suggests that the sensitive period for successful reversal of meridional amblyopia through eyeglass treatment is prior to age 7 years, and may include only the first two years of life. 
The present study
The goal of this study is to begin to better define the limits of the sensitive period for recovery from the effects of astigmatism-related deprivation. More specifically, we focus on plasticity associated with recovery from the effects of astigmatism-related visual deprivation in young children after clear visual input is restored through appropriate eyeglass correction for an average duration of 4 months. As previously noted, retrospective studies of adults with astigmatism indicate that astigmatism-related amblyopia is less likely to be present if the adults received eyeglasses prior to age 7 years. These data suggest that the children reported in the study by Dobson et al. (2003) , are likely to respond well to eyeglass treatment of astigmatism-related amblyopia. However, the present study is the first large sample prospective study to evaluate plasticity associated with treatment of astigmatism-related amblyopia in a large sample of young children.
Methods

Subjects
Subjects were a sub-sample of the 600 children who were included in the study by Dobson et al. (2003) . Subjects in the Dobson et al. (2003) study included those who were enrolled in the Tohono O'odham Early Childhood Head Start Program during the 1997/1998, 1998/1999, 1999/2000, or the 2000/2001 academic year, and did not meet any of the following exclusionary criteria: less than 3 years old or 5 years or older on September 1 of the academic year in which they were tested, participated in the present study in previous academic year, classified as ''special needs'' by the Head Start Program, had ocular abnormalities other than refractive error. For the present study, data from 121 subjects who did not participate in testing in both the spring and fall of the academic year and three subjects who arrived at the initial examination already wearing eyeglasses were also excluded. Since we were interested in comparing ''astigmatic'' subjects (subjects who were prescribed eyeglasses and had P1.50 D of astigmatism in the right eye), and ''non-astigmatic'' subjects (subjects who do not meet any of our criteria for glasses prescription (Table 1) ), data were also excluded for 29 subjects who, upon initial examination: (a) had anisometropia (P1.50 D spherical equivalent), (b) were prescribed eyeglasses for left eye astigmatism in the absence of astigmatism in the right eye, and/or (c) were prescribed eyeglasses for myopia or hyperopia in the absence of astigmatism (did not meet the prescribing criteria for astigmatism). After these exclusions, the final sample size was 447 children.
This research followed the tenets of the declaration of Helsinki. Written parental informed consent was obtained prior to testing of subjects. This research was also approved by the Institutional Review Board of the University of Arizona and by the Tohono O'odham Nation.
Stimuli
Recognition acuity was tested using the Lea Symbols â distance acuity test (Precision Vision, LaSalle, IL). A 62 · 65 cm log MAR Lea Symbols â acuity chart was presented in a retro-illuminated cabinet at a distance of 3 m. Stimuli ranged from 20/200 to 20/8 Snellen equivalent.
Resolution (grating) acuity was tested using two sets of 25.5 · 56 cm cards. One set of cards contained horizontal grating acuity stimuli, and the other contained vertical grating acuity stimuli. Each card consisted of gray cardboard, and contained two 12 cm diameter circular openings that were located with the innermost edge 9 cm to the left and right of a central 4 mm peephole. Behind one opening, a square-wave grating was mounted, and behind the other, a luminance-matched gray field was mounted, both of which were cut from a single unmounted Teller Acuity Card (Vistech, Inc., Dayton, OH). Each set of cards contained grating stimuli ranging from 0.32 to 38.0 cy/cm in approximately half-octave steps. One set of cards was constructed with gratings 
Procedures
Children participated in testing in both fall and spring of the academic year. At each test session, children received an eye examination that included cycloplegic refraction and measurement of best-corrected right eye recognition and resolution acuity. In addition, prior to cycloplegia, children tested in fall 1997 and fall 1998 were tested using several different screening methods, including monocular uncorrected recognition acuity measurements, in order to determine effectiveness of different screening methods for detection of high astigmatism (results of this analysis reported in Miller, Dobson, Harvey, & Sherrill, 2001) .
For each child, a best estimate of refractive error was determined by cycloplegic autorefraction using the Nikon Retinomax K+ autorefractor (Nikon, Inc., Melville, NY), and was confirmed by retinoscopy (see Miller, Dobson, Harvey, & Sherrill, 2000 , for details of determination of best estimate of refractive error, and for more detailed study methods).
Following the eye examination, children participated in testing of recognition acuity and resolution acuity. Testing of right eye recognition acuity was conducted at a 3 m test distance while children wore trial frames containing their best estimate of refractive error for the right eye and an occluder for the left eye. Testing of right eye resolution acuity was conducted at a 1 m test distance while children wore trial frames containing their best estimate of refractive error with an additional +1.00 diopter add in order to compensate for subjects' inability to accommodate to bring stimuli at the 1 m test distance into focus due to cycloplegia.
Recognition acuity was measured using the Lea Symbols â acuity chart. Prior to testing, a pretest was conducted at near to determine if the child could reliably identify each of the four symbols included on the acuity chart. Subjects were shown each of the four symbols (house, square, apple, circle) and were asked to name each symbol. Children who were unable to verbally identify the symbols were asked to point to the matching symbol on a lap card that contained all four symbols. If the child was able to correctly identify all four symbols either verbally or through pointing on the pretest, the tester proceeded with testing at a distance of 3 m. Beginning with the top line (20/200 equivalent), children were asked to identify the symbols on each line. Once the child correctly identified at least three symbols on a line, the tester proceeded to the next line, until the child reached a line on the chart on which he or she was unable to identify at least three out of five symbols. Recognition acuity was scored as the log MAR value of the smallest line on which the child was able to correctly identify at least three out of five symbols.
Resolution (grating) acuity for horizontal and vertical stimuli were measured using the Teller acuity card procedure (McDonald et al., 1985) . Stimuli were presented through a Teller Acuity Card Stage (Vistech, Inc., Dayton, OH) to reduce distraction from peripheral stimuli. Subjects were told to look at the stripes, or to point towards the stripes. Beginning with the widest stripes on one set of cards (horizontal or vertical), the tester showed the card to the child and monitored his or her pointing behavior and/or eye movements. The tester was masked to the location of the grating stimulus (right or left) on each trial. Threshold was defined as the finest grating on which the tester could accurately determine the location of the grating based on the child's behavior. Stimulus test order (vertical vs. horizontal first) was counterbalanced across subjects.
At the baseline examination, children were prescribed eyeglasses if they met any of the criteria shown in Table  1 (prescribing recommendations based on a survey of pediatric ophthalmologists (Miller & Harvey, 1998) ). Children selected an eyeglass frame with the help of a parent or teacher, and two pair of eyeglasses were ordered for each child who required them (i.e., only children who met the prescribing criteria listed in Table 1 ). Only children meeting these criteria wore glasses during the baseline to follow-up interval.
A research assistant dispensed eyeglasses in the child's classroom or home approximately 2-3 weeks after the baseline examination. A spare pair was given to the child's teacher, and teachers were asked to provide them to the child if he or she forgot to bring their other pair to school. Compliance was monitored and recorded by a research assistant who made periodic unannounced visits to classrooms throughout the school year to adjust glasses, and to be sure each child had a spare. During each visit, the research assistant noted if the child was or was not wearing his or her glasses, and recorded the teacher's estimate of the child's compliance overall. Replacement eyeglasses were ordered as soon as a pair became lost or broken, and the number of replacements permitted for each child was unlimited.
The follow-up exam was identical to the baseline (fall) examination.
Data analysis
Recognition and resolution acuity scores were converted to log values, and the log values were used in all analyses. The sample was divided into two groups based on each child's best estimate of refractive error determined at the baseline eye examination. The ''astigmatic group'' included subjects who were prescribed eyeglasses and had at least 1.50 D of right eye astigmatism, and the ''non-astigmatic'' control group included subjects who did not meet any of the criteria for glasses prescription. Previous reports of initial resolution acuity for this sample of subjects indicated that patterns of deficits (horizontal vs. vertical) differed across type of astigmatism: In comparison to non-astigmatic children, children with myopic or mixed with-the-rule astigmatism had significantly reduced acuity for horizontal stimuli but not for vertical stimuli, whereas children with hyperopic with-the-rule astigmatism had significantly reduced acuity for both horizontal and vertical stimuli (Dobson et al., 2003) . Therefore, within the astigmatic group, data were analyzed separately for children with myopic/ mixed astigmatism (in plus cylinder notation, sphere <0.00 D) and children with hyperopic astigmatism (in plus cylinder notation, sphere P0.00 D).
Two preliminary analyses were conducted on baseline measurements of acuity. The first analysis was conducted to verify that the astigmatic group showed an immediate and measurable improvement in recognition acuity with their eyeglass correction (i.e., to verify that the treatment was providing the intended benefit in terms of improved visual acuity). In this first analysis, we used a repeated measures ANOVA to compare uncorrected Lea Symbols â acuity to best-corrected Lea Symbols â acuity for subjects on whom both measurements were available. In the second analysis, we compared baseline measurements of best-corrected resolution and recognition acuity of the astigmatism groups to the control group. This analysis was conducted to verify the presence of measurable astigmatismrelated amblyopia in the astigmatism groups at baseline.
Primary outcome analyses were repeated measures ANOVAs conducted to evaluate change in recognition and resolution acuity from baseline to follow-up for the astigmatic groups vs. the ''non-astigmatic'' control group. Secondary outcome analyses were conducted in order to control for subject compliance in glasses wearing. Compliance data consisted of notes collected from teacher surveys of compliance, random classroom visits by study staff, and data regarding whether or not children arrived at the follow-up examination with their eyeglasses. Five raters (the first three authors (EMH, VD, JMM) and two research assistants) reviewed compliance data on each of the subjects who were prescribed eyeglasses. Raters were masked as to the identity of the subjects, and reviewed all available compliance data that were collected from the date of eyeglass dispensing up to and including the date of the follow-up examination. For each subject, they rated compliance on a scale from 1 (poor compliance) to 5 (excellent compliance). In addition, raters provided a confidence estimate of each rating: Confidence estimates ranged from 1 (low confidence/limited data available) to 5 (high confidence/ extensive data available). A mean of the five compliance ratings and a mean of the five confidence estimates was calculated for each subject. Based on compliance ratings and confidence estimates, subjects were selected for further analysis resulting in the following groups:
1. Control group. 2. Good compliance/high confidence astigmats: Astigmats with compliance P median, confidence P median. 3. Poor compliance/high confidence astigmats: Astigmats with compliance < median, confidence P median.
Repeated measures ANOVAs were then conducted on this sub-sample of subjects on whom we had the best estimates of treatment compliance.
Results
Sample description
A total of 447 subjects met the criteria for inclusion in the study: 128 subjects met the criteria for the astigmatism group (glasses prescribed and right eye astigmatism P1.50 D), and 319 met the criteria for the control group (glasses not prescribed for any reason). All astigmatic subjects had with-the-rule astigmatism (plus cylinder axis ranging from 75°to 113°).
The astigmatic group was further broken down into subjects with myopic or mixed astigmatism (n ¼ 61) and subjects with hyperopic astigmatism (n ¼ 67). Recognition acuity data are reported for the 395/447 subjects on whom we were able to collect both spring and fall data (88%, 278 control group, 55 myopic/mixed astigmats, 62 hyperopic astigmats). Grating acuity data are reported for 359/447subjects on whom we were able to collect fall and spring data for both horizontal and vertical stimuli (80%, 261 control group, 46 myopic/mixed astigmats, 52 hyperopic astigmats). Eyeglasses were dispensed an average of 117 days prior to the follow-up evaluation of best-corrected vision for the myopic/mixed group (SD ¼ 32.7, range ¼ 26-183, n ¼ 58 (dispensing date not recorded three subjects)) and an average of 124 days for the hyperopic group (SD ¼ 38.8, range ¼ 27-232 days, n ¼ 63 (dispensing date not recorded for four subjects)). The mean number of days between eyeglass dispensing and follow-up testing did not significantly differ between the two astigmatism groups, indicating that subjects in the two astigmatism groups had access to treatment (eyeglasses) for an equivalent duration.
Preliminary analyses
The first analysis compared mean uncorrected and best-corrected acuity for each group. Means are plotted in Fig. 2 . Results of a RMANOVA revealed a statistically significant main effect of uncorrected/best-corrected acuity (F ð1; 317Þ ¼ 22:47, p < 0:001), a main effect of group (F ð2; 317Þ ¼ 43:91, p < 0:001), and an interaction between correction and group (F ð2; 317Þ ¼ 7:97, p < 0:001). Post-hoc comparisons indicated that acuity in both astigmatism groups significantly improved with eyeglass correction (ps < 0:001) while the visual acuity of children without astigmatism did not improve with correction.
The second analysis, which compared mean bestcorrected recognition acuity at baseline across groups, yielded a significant effect of group (F ð2; 403Þ ¼ 22:06, p < 0:001). Post-hoc comparisons indicated that mean acuity for both myopic/mixed (20/51) and hyperopic astigmatism (20/51) groups was significantly poorer than mean recognition acuity for the control group (20/38) (ps < 0:001). The two astigmatism groups did not differ significantly. This pattern of results is consistent with the results of the larger sample reported by Dobson et al. (2003) .
Analyses conducted on baseline grating acuity measurements yielded a significant effect across groups for both horizontal (F ð2; 376Þ ¼ 9:49, p < 0:001) and vertical stimuli (F ð2; 376Þ ¼ 12:52, p < 0:001), and for the difference between vertical and horizontal grating acuity (H -V, F ð2; 376Þ ¼ 4:61, p < 0:02). For myopic/mixed astigmats, post-hoc comparisons (with Bonferroni correction) indicated that grating acuity for horizontal stimuli (p ¼ 0:006), but not vertical stimuli, was significantly poorer than the control group, indicating the presence of measurable meridional amblyopia, although H-V difference was not significantly greater than the control group (p ¼ 0:08). For hyperopic astigmats, grating acuity for both vertical and horizontal stimuli was poorer than the control group (p < 0:001 for vertical, and p < 0:003 for horizontal), and the H-V difference did not differ from the control group, indicating the presence of measurable amblyopia across stimulus orientation. The hyperopic astigmats had significantly poorer vertical, but not horizontal, grating acuity, in comparison to the myopic/mixed astigmats (p < 0:02 for vertical), and the H ) V difference was significantly greater for the myopic/mixed astigmats in comparison to the hyperopic group (p < 0:009), indicating that meridional amblyopia was present in the myopic/mixed, but not the hyperopic group. This pattern of results is consistent with the results of the larger sample reported by Dobson et al. (2003) . 
Outcome analyses
A repeated measures ANOVA on recognition acuity data yielded significant main effects of time (F ð1; 392Þ ¼ 71:01, p < 0:001) and group (F ð2; 392Þ ¼ 40:67, p < 0:001). As illustrated in Fig. 3 (means provided in Table  2 ), the effect of time reflected improvement in acuity across groups from baseline to follow-up, and the effect of group reflected overall better acuity in the control group in comparison to the two astigmatism groups. The interaction between time and group was not statistically significant (p ¼ 0:43).
A repeated measures ANOVA on grating acuity data yielded significant main effects of time (F ð1; 356Þ ¼ 46:48, p < 0:001), orientation (F ð1; 356Þ ¼ 9:43, p ¼ 0:002), and group (F ð2; 356Þ ¼ 14:82, p < 0:001). Only the interaction between orientation and group was significant (p ¼ 0:04). As illustrated in Fig. 4 (means provided in Table 3 ), the main effect of time reflected significant improvement in acuity across groups from baseline to follow-up, and the main effect of group reflected significantly better acuity overall in the control group in comparison to the astigmatism groups. However, the absence of a significant interaction between time and group indicated that improvement in visual acuity observed between baseline and follow-up was similar in the control group and in the astigmatism groups for both stimulus orientations. The main effect of orientation may have been driven, in part, by the better acuity for vertical stimuli present in the myopic/mixed astigmatism group at baseline. This interpretation is supported by the interaction between group and orientation.
Post-hoc outcome analyses: controlling for subject compliance
Since previous analyses did not indicate any baseline difference in recognition acuity between the two astigmatic groups, analyses of recognition acuity data for myopic/mixed and hyperopic groups were combined, and compared for the following three groups: control (n ¼ 278), highly compliant astigmats (n ¼ 37), poorly compliant astigmats (n ¼ 24). Recognition acuity means are plotted in Fig. 5 . The analysis of recognition acuity As in the primary outcome analysis, the main effect of time reflected improvement in acuity across groups from baseline to follow-up, and the main effect of group reflected overall better acuity in the control group in comparison to the two compliance/astigmatism groups. The interaction between time and group was not statistically significant (p ¼ 0:24). Previous analyses indicated differences across astigmatic groups on baseline resolution acuity. Therefore, subjects were divided into the following five groups for analysis of resolution acuity data: control group (n ¼ 261), highly compliant myopic/mixed astigmats (n ¼ 16), poorly compliant myopic/mixed astigmats (n ¼ 7), highly compliant hyperopic astigmats (n ¼ 19), and poorly compliant hyperopic astigmats (n ¼ 12). Resolution acuity means are plotted in Fig. 6 . The analysis of resolution acuity data yielded significant main effects of time (F ð1; 310Þ ¼ 17:16, p < 0:001), and group (F ð4; 310Þ ¼ 3:15, p < 0:02). The main effect of stimulus orientation approached, but did not reach statistical significance (p ¼ 0:06). As in the primary outcome analysis, the main effect of time reflected significant improvement in acuity across groups from baseline to follow-up, the main effect of group reflected significantly better acuity overall in the control group in comparison to the astigmatism groups, and the main effect of orientation reflected overall better acuity for vertical stimuli than for horizontal stimuli. None of the interactions among the three variables were statistically significant, although the interaction between time, orientation and group approached significance (p ¼ 0:06).
Discussion
The results of the present study do not support the hypothesis that prescription of eyeglass correction in 3-to 5-year-old children with high astigmatism results in recovery from the effects of astigmatism-related amblyopia over an average treatment duration of four months. All groups demonstrated improvement in resolution and recognition acuity over time, but the amount of improvement did not differ between the control group and the astigmatism groups (see Figs. 3 and 4) .
In the discussion that follows, we offer several hypotheses as to why no improvement in best-corrected vision was observed in the astigmatism groups, i.e., no improvement beyond what was seen in non-astigmatic control group children who received no eyeglass correction. We first focus on methodological issues and explore the possibility that there is a treatment effect that we failed to detect. We then focus on theoretical issues, and offer some theoretical reasons why the intervention may have been ineffective over the treatment duration employed in the present study.
Methodological considerations
Several methodological issues, all of which focus on statistical power, may have resulted in the null treatment effect observed in the present study. Although the present study includes an unusually high number of astigmatic subjects in comparison to previous studies of astigmatism-related amblyopia, the power to detect significant change in best-corrected acuity may have been reduced due to the high variability inherent in measurements of visual acuity in young children. In addition, variability in measurements of visual acuity may have been particularly high in the present study because children were cyclopleged during acuity testing and were wearing trial frames, both conditions which may have been distracting for some children. The issue of high variability in the present study is particularly important because, while the astigmatic children had significantly reduced best-corrected acuity relative to the control group at baseline, this baseline effect was quite small. For example, mean recognition acuity for the control group was 20/38 at baseline, whereas the mean acuity for both astigmatism groups was 20/51, i.e., a one line difference (0.1 log MAR) on the recognition acuity chart used in the present study. Thus, in order to provide support for our hypothesis, we would require sufficient statistical power to detect a change in resolution acuity that was less than one unit of measurement. Post hoc sample size calculations indicated a sample size of 205 subjects per group would be required to detect a 1/2 line difference (0.05 log MAR) in the amount of improvement observed from baseline to follow-up between groups (SD estimated to be 0.18, the SD of the difference between baseline and follow-up measures in the control group). In the present study, while the sample size in the control group was sufficient (n ¼ 278), the sample sizes in the myopic/mixed and hyperopic astigmatism groups were much lower (55 and 62, respectively), and were limited by the number of children eligible for study participation (i.e., Head Start Program enrollment) over the 4-year recruitment period.
Finally, while it is more likely that a treatment effect would be apparent in subjects with greatest treatment compliance, the failure to see a significant treatment effect when analyses were restricted to only the highly compliant astigmatic subjects may be due, in part, to the reduced sample size in this analysis and to limitations on the reliability of compliance data used to assign subjects to high/low compliance groups. As previously noted, the predicted pattern of results was observed for analysis of recognition acuity results for highly compliant subjects, but the effect did not reach significance. With more reliable measures of compliance and greater sample sizes, this effect might reach statistical significance.
Theoretical considerations
Although there are sound statistical and methodological reasons that may have prohibited us from detecting a true treatment effect, there are also important theoretical reasons why the treatment may not have been effective in the present study. The basic hypothesis tested in this study was that restoration of clear visual input over a 3-to 5-month period for these young children with high astigmatism would be sufficient to induce improvement in best-corrected vision beyond what is observed in typically developing children (the control group). Therefore, the failure to see a significant treatment effect may indicate that subjects were beyond the sensitive period for successful treatment. Findings reported by Gwiazda et al. (1986) indicating that meridional amblyopia persists in children for whom the astigmatism had emmetropized by about age two years are consistent with this hypothesis. However, previous retrospective studies indicating that adults who had early correction (age seven or younger) for astigmatism were less likely to show evidence of amblyopia than adults who were corrected after age seven (Cobb & MacDonald, 1978; Mitchell et al., 1973) are not consistent with this hypothesis. Failure to observe evidence for such plasticity does not necessarily indicate that subjects were beyond the sensitive period, and does not necessarily rule out the possibility that recovery from the effects of astigmatism-related visual deprivation can occur in this age range. Another hypothesis as to why a significant treatment effect was not observed in the present study is that the treatment was effective in improving visual development in the astigmatic children, but that this improvement could be revealed only if a ''no treatment'' control group of astigmats had been tested. For example, it is possible that without treatment, visual development may have proceeded at a slower rate for the astigmatic children than it did for the children in the non-astigmatic control group, and that the eyeglass correction allowed the visual development of the astigmatic children to proceed at a rate comparable to that observed in the non-astigmatic control group. However, ethical considerations prevented us from including a ''no treatment'' control group to test this hypothesis.
Another hypothesis as to why no treatment effect was observed is that perhaps subjects require greater exposure to clear visual input, either in terms of longer treatment duration or more intensive treatment (better treatment compliance), in order for eyeglass treatment of astigmatism-related amblyopia to be effective in this age range. Since the present study only examined the effects of a mean treatment duration of 4 months, it is not clear if longer treatment might have been more effective. While there was some variability in treatment duration across subjects in the present study, the limited range in treatment duration (1-4 months), the relatively small number of subjects in the astigmatic groups, and the variability in treatment compliance across subjects prohibited meaningful evaluations of the effects of treatment duration. However, the data reported by Gwiazda et al. (1986) which showed meridional amblyopia persisted in children in which astigmatism emmetropized very early in childhood suggest that even longer duration treatment may not result in the complete elimination of astigmatism-related deficits.
The question of whether or not treatment intensity significantly influenced treatment effectiveness in the present study was addressed, in part, in secondary analyses in which astigmatic subjects were separated into groups based on the extent of their compliance with treatment (i.e., compliance with glasses wear). The results of the analysis of recognition acuity data did yield the predicted pattern of results when astigmatic subjects were separated into good and poor compliance groups: As shown in Fig. 5 , there was greater improvement over time (increased slope) for the high compliance group than for the low compliance group and the control group, although this effect was not statistically significant. However, it is important to note that the number of astigmatic subjects in this analysis was reduced because inclusion in the analysis was limited to astigmatic subjects on whom we were most confident in our measures of compliance. It is possible that with a greater number of astigmatic subjects, this effect may have proven to be statistically significant.
In contrast to recognition acuity results, resolution acuity results did not show the predicted pattern when astigmatic subjects were separated into good and poor compliance groups. As shown in Fig. 6B , highly compliant subjects with myopic/mixed astigmatism showed greater improvement in resolution acuity for horizontal stimuli over time than control group subjects. However, poorly compliant myopic/mixed astigmats showed greater improvement in resolution acuity for vertical stimuli over time than control group subjects (Fig. 6A) , and poorly compliant hyperopic astigmats showed greater improvement in resolution acuity for horizontal stimuli over time than control group subjects (see Fig.  6D ). While none of these effects proved to be statistically significant, the greater improvement apparent in some resolution acuity measures for poorly compliant astigmats than for highly compliant astigmats is not consistent with the hypothesis that greater treatment compliance is associated with a greater likelihood of a positive effect of treatment.
One final hypothesis is that the effectiveness of eyeglass treatment in reducing astigmatism-related amblyopia in 3-to 5-year-old children was limited by the types of visual tasks that young children usually do, i.e., tasks that do not require fine perceptual discrimination. Recently, Skoczenski and Norcia (2002) suggested that development of vernier acuity, which continues to improve up to age 14 years, ''is somehow enhanced by the visual experience of reading''. Furthermore, studies of perceptual learning, in which subjects receive intensive training in making fine perceptual discriminations, have shown improvement in basic visual/perceptual capabilities in normally-sighted individuals and in amblyopic adults (Levi, Polat, & Hu, 1997; Polat, Ma-Naim, & Belkin, 2001) , and changes in neural responses in primary visual cortex (Furmanski & Engel, 2002) . While these studies did not include subjects with astigmatism-related amblyopia, they suggest that plasticity in recognition acuity can occur as a result of discrimination learning in adults with deprivation-related visual deficits. Furthermore, it is likely that this type of intervention might be effective in child subjects with amblyopia, since children typically show greater capacity for visual plasticity (i.e., better response to amblyopia treatment) than adults.
Conclusions
In summary, failure to observe a significant treatment effect in the present study does not necessarily rule out the possibility that recovery from the effects of astigmatismrelated visual deprivation can occur in 3-to 5-year-old children. The fact that previous retrospective studies on adults who had eyeglass correction for astigmatism at age seven or younger were less likely to show evidence of amblyopia than adults who received eyeglass correction after age seven (Mitchell et al., 1973 , Cobb & MacDonald, 1978 , suggests that early treatment of astigmatismrelated amblyopia is effective under some conditions. Thus, the present study raises a number of interesting clinical and theoretical questions for further research.
While the primary analyses did not yield the predicted results, it is important to note that the results of preliminary analyses yielded two expected but important results. Results of the first preliminary analysis indicated that best-correction significantly improved the visual acuity of the astigmatic subjects (see Fig. 2 ). Eyeglass correction did not influence recognition acuity for subjects in the control group: Mean acuity was 20/39 with correction and 20/40 without eyeglass correction. This result was not particularly surprising, given that subjects included in this group, by definition, have minimal refractive error. In contrast, subjects with myopic/mixed astigmatism and hyperopic astigmatism improved approximately 1 line on the acuity chart (0.1 log MAR) with eyeglass correction: Mean acuity improved from 20/65 to 20/52 with eyeglass correction in subjects with myopic/mixed astigmatism, and mean acuity improved from 20/63 to 20/51 with eyeglass correction in subjects with hyperopic astigmatism. It should be noted that the comparison between uncorrected and best-corrected acuity in the present study was not ideal: Best-corrected measurements may have been underestimated because subjects were cyclopleged and were wearing somewhat uncomfortable and distracting trial frames. However, the fact that both the non-astigmatic control group and the astigmatism groups were cyclopleged and were wearing trial frames controls for the deleterious effects of cycloplegia on best-corrected visual acuity: If bestcorrected acuity was underestimated, it should be underestimated for all three groups. In addition, methodological differences in the way in which acuity was measured with and without correction would have been expected to underestimate the best-corrected acuity results. Nevertheless, best-corrected measures were significantly better than uncorrected measures of acuity in astigmatic subjects. The finding that best-corrected recognition acuity was significantly better than uncorrected measures in the astigmatic subjects, despite the methodological biases in the opposite direction, suggest that the effect of eyeglass correction is particularly robust.
Results of the second preliminary analysis confirmed that, on average, best-corrected recognition acuity and resolution acuity in astigmatic subjects was poorer than best-corrected acuity in non-astigmatic (control group) subjects. This result indicates that there is statistically significant evidence of astigmatism-related amblyopia in this sub-sample of children for whom Dobson et al. (2003) previously reported astigmatism-related amblyopia. Taken together, the results of the two preliminary analyses indicated best eyeglass correction does significantly improve the average visual acuity of these astigmatic children, but does not improve their average acuity to the level of non-astigmatic subjects.
In conclusion, while the results of the present study do not provide evidence that eyeglass treatment in this age group leads to a reduction of astigmatism-related amblyopia over the course of a 4-month average treatment duration, the present study does raise important clinical and theoretical issues regarding visual development and visual plasticity in young children. Further research on the effectiveness of eyeglass treatment of astigmatism-related amblyopia might help determine the conditions necessary for successful treatment of this form of amblyopia, and may shed further light on the importance of variables such as treatment duration and additional behavioral interventions, such as perceptual learning, in enhancing treatment effectiveness.
Finally, it is important to note that while the results of the present study do not provide evidence that eyeglass treatment over the course of a 4-month average treatment duration reduces astigmatism-related amblyopia, the results provide strong evidence that vision in astigmatic children is significantly improved immediately upon eyeglass correction. From a clinical perspective, it is clear that eyeglass correction in these young astigmatic children does provide a significant visual benefit.
